stretchable and transparent ionic conductors, [4] fire-resistant fabrics, [5] stretchable electroluminescent devices, [6] ionic skin and touch panels, [7, 8] and soft robotic actuators. [9] However, in all these applications, the hydrogels lose their desirable properties once the temperature decreases below the freezing point of water, severely limiting their use in this temperature range. Recently, organic liquids such as propylene or ethylene glycol have been used to synthesize hybrid organo-hydrogels with an improved working temperature range. [10] There are concerns, however, about the environmental impact and health hazard as a result of the toxicity of these liquids. [11] Here, we present another class of hydrogels that retain their stretchability, toughness, and conductivity at temperatures far below 0 °C. [12] These nonfreezing hydrogels rely on the colligative property of ionic compounds such as calcium chloride (CaCl 2 ) to depress the freezing point of the aqueous phase. [12] [13] [14] [15] Freezing point depression is of course a well-known phenomenon with many applications in cold environments. For example, CaCl 2 is widely used to prevent roads from icing over. [15] The same phenomenon also allows a number of organisms, including many insects and some wood frogs, to survive extremely cold weather conditions by preventing the formation of ice crystals in their cells. [16] Electrical conductivity of salt-containing polyacrylamide hydrogels have been measured at temperatures below 0 °C, but their mechanical behavior has not been studied. [17] In the present study, we synthesized a series of polyacrylamide-alginate double network hydrogels, and soaked them in three different aqueous CaCl 2 solutions (see the Experimental Section for preparation details and Figure S1 , Supporting Information). Depending on the concentration of the CaCl 2 soaking solution, these hydrogels froze over a range of temperatures from 0 °C down to approximately −57 °C. We measured the mechanical response of these CaCl 2 -containing double network hydrogels over a broad range of temperatures, from ambient down to −70 °C, and distinguished three types of behavior depending on the state of the gel: i) regular hydrogel behavior when the aqueous phase is in the liquid state, ii) slurry gel behavior when the aqueous phase is in a partially frozen state that consists of a mixture of ice crystals and salt solution, and iii) frozen gel behavior when the aqueous phase is fully frozen. We also characterized the temperature dependence of the fracture toughness of these hydrogels. We discovered Hydrogels consist of hydrophilic polymer networks dispersed in water. Many applications of hydrogels rely on their unique combination of solid-like mechanical behavior and water-like transport properties. If the temperature is lowered below 0 °C, however, hydrogels freeze and become rigid, brittle, and non-conductive. Here, a general class of hydrogels that do not freeze at temperatures far below 0 °C, while retaining high stretchability and fracture toughness, is demonstrated. These hydrogels are synthesized by adding a suitable amount of an ionic compound to the hydrogel. The present study focuses on tough polyacrylamide-alginate double network hydrogels equilibrated with aqueous solutions of calcium chloride. The resulting hydrogels can be cooled to temperatures as low as −57 °C without freezing. In this temperature range, the hydrogels can still be stretched more than four times their initial length and have a fracture toughness of 5000 J m −2 . It is anticipated that this new class of hydrogels will prove useful in developing new applications operating under a broad range of environmental and atmospheric conditions.
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Tough Hydrogels
Hydrogels are crosslinked networks of hydrophilic polymer chains dispersed in water. The polymer network gives the hydrogels solid-like mechanical properties, while the aqueous phase enables fast diffusion, endowing the hydrogels with liquid-like transport properties. Along with these attributes, many hydrogels are also biocompatible, making them traditional materials of choice for tissue engineering and drug delivery systems. [1] Recent works have considerably enlarged the range of applications of hydrogels by improving their stretchability and toughness up to the level of natural rubbers. [2, 3] The combination of exceptional toughness, large stretchability, optical transparency, and high ionic conductivity has led to the development of many new applications in the field of hydrogels, including www.advmat.de www.advancedsciencenews.com that a high fracture toughness (≈5000 J m −2 ) can be obtained at temperatures as low as −50 °C (see Table S1 , Supporting Information). In particular, slurry gels were found to have the highest toughness in subzero temperature conditions. By focusing on the gradual evolution of the fracture process in the slurry gels, we identified crack pinning and deflection, as well as distributed initiation of micro-damage, as additional toughening mechanisms. Finally, we confirmed that CaCl 2 -containing hydrogels retain good ionic conductivity at low temperatures, and explored potential applications of these non-freezing hydrogels by demonstrating a simple touch sensing ionic panel that works at subzero temperatures. Figure 1 illustrates the three distinct types of behavior observed for hydrogels with different CaCl 2 concentrations at the same subzero temperature. Despite similar behavior at room temperature, the three hydrogels behave very differently when they are cooled to −15 °C and deformed in tension (similar observations in compression are shown in Figure S2 , Supporting Information). While the gel soaked in 30 wt% CaCl 2 behaves like a regular hydrogel with good stretchability and transparency at −15 °C, gels soaked in 0 and 10 wt% solutions behave differently. For the sake of brevity, we will refer to these different gel compositions in the rest of this manuscript by the concentration of their soaking solution, even if the actual ionic content in the gel may be slightly different. At −15 °C, the hydrogel with 0 wt% CaCl 2 is frozen solid, forming an opaque aggregate of ice crystals and polymer chains. The frozen gel is stiff and brittle, and fractures at a relatively small strain (≈9%). At the same temperature, the hydrogel with 10 wt% CaCl 2 is a slurry gel: a gel consisting of a mixture of ice crystals and salt solution embedded in a polymer network. While the gel has lost most of its optical transparency, it remains as stretchable as the 30 wt% gel. The slurry gel behavior occurs over a wide range of temperatures. This observation is consistent with the binary phase diagram of CaCl 2 and water (Figure 2a) , and leads to the experimental phase diagram of the polyacrylamidealginate double network gel soaked in aqueous CaCl 2 solutions shown in Figure 2b . The slurry gel state corresponds to the two-phase region in the CaCl 2 -water phase diagram, both areas are shaded in gray in the respective phase diagrams. As a hydrogel is progressively cooled through the two-phase region, the increasing opacity of the gel reflects the increasing volume fraction of ice crystals.
To construct the phase diagram in Figure 2b , we first collected all the experimental observations from the mechanical testing under different temperatures performed on hydrogels soaked in 0, 10, and 30 wt% CaCl 2 solutions, and identified the state of each gel based upon its mechanical response and optical transparency. These observations provided a discrete sampling of the phase diagram, depicted by the symbols in Figure 2b . In a second step, we characterized each gel composition and its various components using dynamic Figure 1 . Hydrogel behavior in subzero environment illustrated for three different CaCl 2 -containing gels: a) the initial state at room temperature, b) the undeformed and deformed state at −15 °C, and c) the corresponding molecular pictures. This illustrates the three physical states for a hydrogel below the freezing point of water: at −15 °C, the 0 wt% CaCl 2 gel is in the frozen state forming an opaque aggregate of ice crystals and polymer chains, the 10 wt% CaCl 2 gel is in the slurry state with a mixture of ice crystals and salt solution in a polymer network, and the 30 wt% CaCl 2 is in the regular hydrogel state with an aqueous phase in the liquid state. The frozen gel and slurry gel form a frost layer on their surfaces after cooling.
www.advmat.de www.advancedsciencenews.com scanning calorimetry (DSC) from −90 °C to room temperature to obtain a more accurate measurement of the boundaries of the various phase regions. We also performed DSC analyses on aqueous CaCl 2 solutions to identify the phase boundaries for the aqueous system, which were found to be consistent with the reported phase diagram [13] with only minor experimental deviations. Aqueous solutions of polyacrylamide and alginate were independently thermally characterized ( Figure 2a , right) to assess the effect of the polymer chains on the freezing point of the solutions. Comparison of Figure 2a ,b demonstrates that the DSC curve for the 0 wt% CaCl 2 gel can be regarded as the superposition of the curves for its constituents, with a double peak, a small shoulder, and a small shift of the liquidus to lower temperature. These peaks in the DSC curve indicate that the hydrogel behaves like a ternary system rather than a simple binary. The calorimetry data in Figure 2b shows that the slurry region of the hydrogel is shifted to significantly higher CaCl 2 concentrations compared to the two-phase region of the aqueous CaCl 2 solution. Indeed, it is clear from the two distinct and separate peaks of the DSC curve that the 30 wt% CaCl 2 gel has not yet reached the eutectic composition. We hypothesize that this shift is the result of interactions of CaCl 2 with the alginate and polyacrylamide polymer chains in the gel and an indication that the equilibrium concentration of CaCl 2 inside the gel is lower than in the aqueous solution. Indeed, by weighing the fully dried residue of the different gel compositions, we estimated the actual concentration of CaCl 2 inside the 10 and 30 wt% CaCl 2 gel batches respectively as 5-7 and 20-23 wt% of CaCl 2 .
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Figure 3a-c shows the evolution of the stress-stretch curves with decreasing temperature for the 0, 10, and 30 wt% CaCl 2 gels, respectively (for complete experimental data, see Figure S3 , Supporting Information). At room temperature, the 0 wt% CaCl 2 gel has the highest strength and stretchability. When the temperature is reduced to −15 °C, however, this gel becomes stiff and brittle. The 10 and 30 wt% CaCl 2 gels, on the other hand, retain their stretchability at temperatures down to at least −30 and −50 °C, respectively. For all gels, both the elastic modulus and the strength gradually increase as the temperature decreases. This stiffening effect can be explained by the gradual increase of the volume fraction of ice crystals in the slurry gel (Figure 3d ). The ice crystals stiffen the gel, while still allowing large deformation to occur through shear yielding between them, similar to the toughening of polymer nanocomposites. [18] Interestingly, the presence of ice crystals tends to improve the stretchability before the gels become brittle (see evolution of fracture stretch in www.advmat.de www.advancedsciencenews.com Supporting Information). A careful inspection of post-mortem specimens showed a large number of micro-sized cavities dispersed throughout the specimens ( Figure S4 , Supporting Information). These micro-cavities may nucleate due to the triaxial state of stress that builds up around stiff ice crystals. A similar mechanism of cavitation and fracture has been reported in adhesively bonded elastic and viscoelastic layers. [19, 20] From the study of adhesively bonded materials, cavitation first appears when the hydrostatic stress is approximately ten times larger than the shear modulus of the elastic layer. [20] The cavities grow and eventually coalesce, leading to catastrophic cohesive failure of the adhesive layer. [19] Growth of these cavities provides an additional energy dissipation mechanism that may explain the increased stretchability observed in the slurry state. This mechanism leads to the apparent "ductile" failure mode mechanism with macroscopic void growth and coalescence observed experimentally in specimens with large volume fractions of ice in the slurry state (see Figure 3d and Movie S5, Supporting Information). Further investigation showed that the nucleation of these microcavities is also facilitated by the application of repeated cooling cycles to very low temperature. Indeed, repeated formation of ice crystals eventually leads to a permanent weakening of the gel network, creating local defects that facilitate the nucleation of cavities upon deformation.
To characterize the fracture toughness of the gels as a function of temperature, we measured the stress-stretch curves of notched specimens and determined the critical stretch at which fast fracture takes place (Table S2 , Supporting Information). We calculated the corresponding energy release rate by integrating the area under the nominal stress-stretch curve of a pure shear specimen without a precrack (from Figure 3a-c) up to the critical stretch of the notched specimens, following the method devised by Rivlin and Thomas. [3, 21] The results show the temperature dependence of the fracture toughness for each gel (Figure 3e and Table S1, Supporting Information). As expected, the fracture toughness of the 0 wt% CaCl 2 gel reduces dramatically as the temperature is lowered below 0 °C. By contrast, the fracture toughness of the 10 and 30 wt% gels increases as the gels enter the slurry state. The fracture toughness of these gels eventually drops as the gels are fully frozen. For all gels, the slurry state exhibits a relatively high toughness, ranging from 3000 to 6000 J m −2 . In practical applications, the amount of salt added to a hydrogel can be adjusted to fulfill the requirements in terms of modulus, stretchability, and fracture toughness depending on the targeted temperature range.
In order to better understand the toughening mechanism associated with the slurry gels, we compare the crack propagation and failure scenarios in the three subzero states of the hydrogel (Figure 4) . A regular hydrogel fails through the propagation of a large blunted crack (Figure 4c and Movie S2, Supporting Information). Slurry gels and frozen gels, however, exhibit significantly different failure mechanisms. In the frozen gel, a sharp crack propagates rapidly through the specimen once it is loaded, following the straightest and weakest path between ice crystals, resulting in a relatively low fracture toughness (Figure 4a and Movie S3, Supporting Information). The fracture behavior of slurry gels varies depending on the amount of ice crystals in the gel, but is typically characterized by crack pinning and deflection as the crack path encounters stiff ice crystals. Such features, observed in all slurry gels, lead to a discontinuous crack propagation, and sometimes a less blunted crack tip compared to the regular hydrogel state (Figure 4b , right, and Movie S4, Supporting Information). The final fracture path in a slurry gel tends to zigzag and creates rough crack surfaces. The amplitude of that zigzag and the degree of roughness of the crack surface varies depending on the ice volume fraction (i.e., the higher the volume fraction, the larger the zigzag). More specifically, in some slurry gels with a large volume fraction of ice, multiple macrocracks grow upon loading, and eventually coalesce (Figure 4b , left, and Movie S5, Supporting Information). These macro-cracks are assumed to initiate at the dispersed micro-cavities observed ahead of the crack tip ( Figure S4 , Supporting Information) as mentioned earlier.
During the experiments, we observed significant undercooling of the slurry gels below the eutectic temperature, which can have a significant impact on the stability of subzero mechanical behavior of hydrogels. As shown in Figure S5 (Supporting Information) (and Movie S5, Supporting Information), a 30 wt% CaCl 2 gel can stay in an undercooled slurry state, and exhibit high stretchability and fracture toughness at temperatures as low as −70 °C if it is not cooled down long enough to reach thermodynamic equilibrium. The undercooled gels are thermodynamically unstable, and consequently have stress-stretch curves that vary inconsistently with the storage time at −70 °C (see Figure S5c , Supporting Information). To avoid this undercooling effect, all the testing specimens in this study were first cooled to −90 °C for 45 min before heating them to the target testing temperature. To conclude, the slurry state of CaCl 2 -containing hydrogels at subzero temperatures can indeed provide unforeseen mechanical property improvements, but caution must be taken to ensure that the material is not in a thermodynamically unstable state due to a kinetic delay of the crystallization process.
The CaCl 2 -containing gels maintain their ionic conductivity at temperatures well below the freezing point of water (Figure 5a ). This ability, together with their high stretchability and toughness at low temperatures, opens up a range of applications in low-temperature environments. Here, we demonstrated a simple ionic touch sensor that takes advantage of both attributes. The touch sensor consists of a dielectric elastomer layer sandwiched between two hydrogel layers (Figure 5b) . The hydrogel layers consist of 30 wt% CaCl 2 hydrogels, while the elastomer is VHB 4905 (3M, Maplewood MN) . The architecture of the touch sensor is based on a sensor described previously Figure 5 . Applications of the stretchable, tough, and antifreezing hydrogel at low temperature. a) The conductivity as a function of temperature for the 0, 10, and 30 wt% CaCl 2 gels. b) A stretchable ionic touch sensor is fabricated by sandwiching a layer of dielectric elastomer (3M VHB) between two layers of 30 wt% CaCl 2 gels. c) The capacitance changes at −11 °C by a finger press and release. "P" denotes finger press and "R" denotes release. d,e) demonstrate the good stretchability and strength of a 30 wt% CaCl 2 gel in outdoor snowing conditions (associated video can be found in Movie S1, Supporting Information). The weight used is 2.5 lbs (1.13 kg). by Sun et al. [7] Figure 5c illustrates the response of the sensor when operated at a temperature of −11 °C. The capacitance of the sensor changes reversibly by approximately 50% upon touching, which is readily measured using a capacitance meter. The response of the sensor does not degrade when cycled repeatedly at subzero temperatures. One can readily envision use of this sensor in applications under a broad range of environmental conditions, including stretchable and rollable keypads and pressure sensors for soft robotics.
In summary, we have developed a class of hydrogels that retain high stretchability, high fracture toughness, and good conductivity at temperatures far below the freezing point of water. We adopted a well-known strategy for depressing the freezing point of water and applied it to a tough hydrogel by soaking the gel in various aqueous solutions of CaCl 2 . The experimental phase diagram of the CaCl 2 -containing hydrogel differs from that of the aqueous CaCl 2 solution due to the presence of the polymer network and stresses the difference of CaCl 2 concentration inside the gel and in the soaking solution. Depending on the temperature and the CaCl 2 content, the gels can be classified into three types: regular hydrogel, slurry gel, and fully frozen gel. We measured the stress-stretch curves and fracture toughness of the hydrogel as a function of temperature and CaCl 2 content. Slurry gels exhibit the highest toughness at a given temperature. We attributed this observation to the introduction of additional toughening mechanisms in the slurry gels, which include crack pinning, crack deflection, and energy dissipation through micro-cavitation. Finally, we demonstrated a stretchable ionic touch sensor that functions at temperatures well below the freezing point of water. We anticipate that this class of hydrogels will enable a broad range of applications under low-temperature conditions.
Experimental Section
Hydrogel Synthesis: All chemicals were received and used without further purification. The following substances were purchased from Sigma-Aldrich: acrylamide (AAm, A8887), ammonium persulfate (APS, A9164), N,N,N',N'-tetramethylenediamine (TEMED, T7024), N,N'-methylenebis(acrylamide) (MBAA, M7279), calcium sulfate dihydrate (CaSO 4 •2H 2 O, C3771), and calcium chloride (CaCl 2 , C1016). Sodium alginate was purchased from FMC Biopolymer (Manugel GMB). Polyacrylamide-alginate doublenetwork hydrogels were prepared following the method described by Sun et al. [3] First, 40.54 g of AAm and 6.76 g of sodium alginate powder were dissolved in 300 mL of distilled water to form an aqueous solution. The solution was stirred overnight for complete mixing. Afterward, MBAA, TEMED, APS, and CaSO 4 •2H 2 O in quantities of 0.0006, 0.0025, 0.01, and 0.022 times the weight of AAm were added to the solution in sequence. The prepared pregel solution was then degassed, quickly poured into 50 × 40 × 1.65 mm 3 acrylic molds, and covered with a glass plate. The samples were kept at room temperature for 24 h to allow complete polymerization. Afterward, the samples were taken out of the molds and were either directly used for testing (referred as 0 wt% CaCl 2 gels) or soaked in 10 or 30 wt% CaCl 2 solutions for at least 5 d. To ensure that the concentration of CaCl 2 in the external solution remained nearly constant before and after soaking the hydrogel, we prepared the CaCl 2 solution with a volume at least 10 times the volume of the hydrogel. The final water contents of the 0, 10, and 30 wt% CaCl 2 gels were 76%, 84%, and 78% by weight, respectively. It is worth noting that the precise control of the water content for the different gel compositions is difficult and was not the focus of the present study. Instead, a simple and easily reproducible method for preparing the different gel compositions was chosen. Extensive research on the effect of water content has been conducted and discussed in prior work. [3, 22] Eventually, considering the 0 wt% CaCl 2 gel as the reference state, the volumetric swelling ratios reached by the 10 and 30 wt% CaCl 2 gels were ≈1.78 and ≈2.20, respectively.
Mechanical Testing: A minimum of three specimens were used for all test conditions. The nominal stress-stretch curves were tested using the pure shear setup, [3, 21] both at ambient and subzero temperatures (i.e., 20, 0, −15, −30, −50, and −70 °C); see Figure S3 (Supporting Information) for the full set of data. A thin sheet of hydrogel sample with a rectangular shape (50 mm width and 10 mm length) was fixed to two rigid acrylic grips, and mounted in an Instron 5966 tensile tester with a 500 N load cell. The temperature of the ambient environment was controlled by an Instron 3119-600 environmental chamber supplied with liquid nitrogen. Tensile tests were performed at a strain rate of 1 min −1 and video-recorded with a digital camera (Canon 7D). The nominal stress was computed by dividing the applied load on the sample by its initial cross-sectional area (the product of width times thickness), while the stretch was calculated by dividing the deformed length by the initial length of the sample. To avoid undercooling of the hydrogel samples, specimens were first held at −90 °C for 45 min and then 20 min at the final testing temperature to ensure equilibrium conditions for each experiment (see Figure S5 , Supporting Information).
To measure the fracture toughness, specimens were cut using a fresh razor blade to create a 20 mm notch extending from the edge of the specimen. The stress-stretch curves of identical specimens with and without notch were then measured. The critical stretch for fast fracture of the notched specimens was measured and the associated critical energy release rate was then determined using the method developed by Rivlin and Thomas [21] where H is the initial length of the sample and W(λ) is the area below the nominal stress-stretch curve of the unnotched sample integrated up to the critical stretch λ c of the notched sample.
Thermal Characterization: Samples were characterized using a differential scanning calorimeter (TA Instruments, DSC Q200) with a refrigerated cooling system (TA Instruments, RCS90). Samples were contained in hermetically sealed aluminum pans (TA Instruments, Tzero Aluminium Hermetic Pan) for testing, with an empty pan used as inert reference. The DSC was operated under a 40 µL min −1 nitrogen flow rate and data were captured at a rate of 1 Hz. Samples were first equilibrated at 25 °C and then cooled at a rate of 5 °C min −1 to −90 °C. After an isothermal period of at least 90 min, samples were heated up at 1 °C min −1 to the initial equilibration temperature (25 °C).
Conductivity Measurement: The current passing through a rectangular gel specimen was measured as a function of the applied voltage (five measurements ranging from 0.1 to 1 V) with a two-point probe set up. Sample dimensions were measured to within 0.1 mm. The conductivity of the sample was deduced from the slope of current versus voltage. The measurement was performed for each gel composition at temperatures ranging from room temperature to −50 °C.
Ionic Touch Sensor Demonstration: A sensor that can detect the pressure of finger touch in a design similar to previous work was fabricated. [7] The sensor consisted of a 20 × 20 × 0.5 mm 3 acrylic elastomer (VHB 4905, 3M), covered with two 30 wt% CaCl 2 hydrogels of 20 × 20 × 0.2 mm 3 on each side. Copper wires were used to connect the hydrogels to metallic electrodes and the electrodes to a capacitance meter (LCR/ESR meter, Model 885, BK Precision). The capacitance meter was set to a sinusoidal measurement signal with a maximum voltage of 1 V and a frequency of 100 Hz. To demonstrate the sensing ability at low temperature, the sensor was attached to a glass plate, and the change of capacitance as a result of repeated touches at −11 °C was recorded.
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